The central Middle Atlas, with its Mesozoic carbonate cover has undergone several tectonic and karstic phases and is characterized by a hydrological system with a complex karstification. The spatial and structural analysis of fractures and karst networks in a complex hydrological system may allow for the accurate identification of zones that favor the infiltration and recharge of overexploited groundwater. The present study aims to characterize the fracture network in the Moroccan Central Middle Atlas using multispectral satellite images from a Landsat 8 Operational Land Imager sensor for automatic lineament extraction. Our methodology focuses on a linkage between the direction, length, and density of lineaments with the characteristics of surface karst as well as the tectonic system of the study area. The remote sensing techniques used have shown their effectiveness in lineament mapping, such as principal component analysis coupled with directional filters. The resultant fracture network is oriented NE-SW, N-S, and NW-SE with a predominance of the NE-SW direction, showing a good correlation between the distribution and orientation of the lineaments and the alignments and elongations of the karstic shapes. In addition, this paper explains the tectonic origin of surface karstic shapes and the influence of tectonic and karstification on the distribution and function of the hydrological system of the Central Middle Atlas.
Introduction
Lineaments mapping plays a major role in several geosciences applications, especially in mining and petroleum exploration [26, 44] , tectonic architecture [30] , and groundwater exploration [13, 24, 36, 50] . Lineaments are natural simple or composite-pattern linear or curvilinear features discernible on the Earth's surface [30] . They may refer to faults, fractures, dykes, or joints of stratigraphic formations, rivers, and drainage areas [17, 19, 20, 30] . Other types of lineaments include the boundaries of the different land cover units, and man-made features (roads, bridges, and edges) [3, 26, 49] . Lineaments related to fractures may provide pathways for fluid flow and contribute to the formation of many economically significant oil, geothermal, and water supply reservoirs. Fracture systems control the dispersion of chemical contaminants into and through the subsurface [30] . The groundwater movements in the karstic aquifers are controlled by lineaments, noting that groundwater moves throughout the karstic canals, developing densely at intersections and in lineaments [9, 15] . In addition, hydrogeologists are successfully using lineaments to locate high-yield wells and describe more accurately subsurface structures important for regulating groundwater recharge, migration and discharge [4, 10, 13, 24, 30] .
Lineament mapping using conventional methods, such as tracking faults in the terrain and aerial photography using analogue methods, are very laborious, time-consuming, difficult to replicate, and very demanding in terms of human and material resources, facts that make mapping a large area very difficult. In addition, they are subjective and dependent on the operator's performance, which may lead to the inaccurate characterization of the lineaments or preventing the identification of all of the existing ones [3, 30] . Geographic Information Systems (GIS) and remote sensing techniques have been used for the extraction and analysis of lineaments, providing scientists with valuable information for understanding the tectonic evolution and fracture network. Several studies have described the usefulness of remote sensing for lineament mapping and the identification of geological structures, thanks to its synoptic coverage, automatic, and easily reproducible methodology [3, 13, 17, 23, 24, 32, [41] [42] [43] [44] 49] . The availability of high-resolution multispectral data and different image processing techniques allowed for the extraction of geological lineaments with greater accuracy [3] . Several automatic extraction tools have been used in the literature, such as the LINE module of the PCI Geomatica software [17, 35, 45] . Masoud and Koike [31] have developed the LINDA tool, which uses elevation data and satellite imagery data as inputs for characterizing and interpreting morphotectonic features from lineaments.
In the Central Middle Atlas, the series of Jurassic limestones and dolomites that outcrop at the level of the atlasic Causses and Anticlinal wrinkles and their juxtaposition on impermeable permo-triassic formations and intense fracturing make this region a complex geomorphological domain. However, detailed structural analysis and a better understanding of the fracture and karst networks are always lacking in this region. Accordingly, the objective of this study is to use Landsat 8 Operational Land Imager (OLI) multispectral satellite images for the extraction, analysis and interpretation of the geological lineaments, as well as the characterization of the alignment and elongation of karstic shapes. Finally, the last step consists of the identification of the relationship between the fractures obtained from lineaments and the development of karst shapes in the study area.
Materials and Methods

Study Area
The Middle Atlas, with a surface area of 9500 km 2 , is enclosed by parallels 32°45′ and 34°18′ N and meridians 3°42′ and 5°42′ W. It is bounded to the North by the South Rifain Corridor (Saiss plain), to the South by the High Atlas and the plateaus of High Moulouya valley, to the East by the Middle Moulouya valley and to the West by the Moroccan Meseta [33] . The Middle Atlas is composed of the juxtaposition of two structural units: The Middle Atlasic Causse and the pleated Middle Atlas. These are separated by a major structural line, called the North-Middle-Atlasic fault [11] . The Middle Atlasic Causse is characterized by carbonate deposits of the Lower and Middle Lias. Its structure in inclined blocks is expressed in the topography of stepped plateaus. It is affected by the Tizi n'tretten fault, oriented N 40°. The pleated Middle Atlas is the southern part of the intracontinental chain, oriented NE-SW and elongated over more than 400 km. It is organized into acute anticlinal wrinkles and large synclinal depressions (Fig. 1) .
The climate of the Middle Atlas is a Mediterranean mountain climate type. It is characterized by an inter-annual succession of wet and dry seasons. This is a particular climate due to the influence of the Atlantic Ocean, which affects the main rainfall and humidity. The clouds coming from the west give abundant precipitations in conjunction with the Middle Atlas. This natural barrier, which constitutes the Atlas chain, creates a dissymmetry on the climatic aspect: the Atlantic side exposed to the NW is more heavily watered, while the SE side is affected by the Saharan climate in the South. The elevation of the study area ranges between 1000 and 3500 m (Fig. 2 ).
Data Sources and Pre-processing
The data and approach used can be summarized as shown in Fig. 3 . First, the faults and karstic shapes were digitized from the geomorphological map of the Central Middle Atlas at a scale of 1:100,000 [28] . Accordingly, we implemented a GIS database of the fracture and karstic networks, including the alignments and elongations characterizing the karsts network. The alignments and the elongations of the karst shapes have been delineated manually. The alignment is defined by the straight line formed by several karst features, while the elongation represents the straight line characterizing the lengthening of the shape of each karst. The alignment was drawn manually, in such a way that the number of objects forming the alignment was as high as possible, and the line passed as close as possible to the centroid of the objects. The alignment was conducted each time within a radius of about 20 km. Afterwards, we computed the orientation (directions) of the faults, the alignments and the elongations of the karst shapes using The Rockworks software in order to validate the extraction method of the lineaments and link the fractures system and karstic network of the study area. Secondly, two OLI data images of the study area (acquired during the summer of 2016). The first one was taken in June (Path: 201, Row: 37) and the second, in July (Path: 200, Row: 37). With a high spatial (30 m), radiometric and temporal resolution, the free availability of OLI data created a great opportunity for natural resource managers, including geologists. This sensor acquires images in nine spectral bands from shorter wavelengths of visible to short-wave infrared (SWIR). The spatial resolution of this sensor varies from 15 (panchromatic band) to 30 m (multispectral bands) ( Table 1 ). The 
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Landsat-8 Multispectral Imagery Fig. 3 Methodology flowchart radiometric resolution of the OLI images is 16 bits [47] . The OLI images were radiometrically calibrated, and atmospheric effects were corrected. Accordingly, the raw data in digital numbers were converted into radiance values. Then, both additive and multiplicative atmospheric effects were corrected using FLAASH Model (Fast Line-of-sight Atmospheric Analysis of Spectral Hypercubes) [12] . Afterwards, the study area was clipped from a mosaic of both of the two preprocessed images.
Automatic Lineament Extraction
Automatic lineament extraction (ALE) generally involves two steps, namely, contour detection and line detection [3, 13, 17, 23] . Contours represent the limits of abrupt changes in the values of neighboring pixels, often referring to lineaments. Using the LINE module of PCI Geomatica software, the extraction procedure was based on six main parameters, detailed in Table 2 . This was performed by evaluating the derivatives of the OLI images, including principal component analysis, color compositions, band ratios, and directional filters. The calibration of ALE was conducted by evaluating several combinations of parameter values, respecting the literature and the ground truth, before arriving at the optimal LINE values that gave a satisfactory result. The validation of the extracted lineaments was performed qualitatively by comparing their directions to those of the existing faults and the directions of the karst alignments and elongations. Additionally, they were validated by the interpretation of their density map, according to the faults. In lineament studies, the lineament density and orientation of existing faults in the study area are parameters that are widely used in the validation of automatically extracted lineaments by remote sensing [3, 13, 17, 32] 
Principal Component Analysis
Principal component analysis (PCA) is an effective technique for enhancing a multispectral image for geological studies [2, 5, 40] . It allows for the reduction of the information contained in several bands, sometimes highly correlated in a new bands called principal components (PCs), with redundant data elimination, noise isolation, and enhanced targeted information [6, 16] . Several studies have used PCA in the detection of lineaments [3, 23, 38] . In this study, we suggested the use of a color composition of the first three components, which create an excellent visual image of the interpretation and increase the contrast between the various surface objects. In addition, we tested their combination with directional filters.
Band Ratios
The band rationing method is based on the spectral reflectance variations of an object across wavelengths. It consists of dividing one band by another in order to enhance the undetectable materials in the raw data based on welldefined reflection and absorption regions [39] . The band ratios (BR) images have been used in several cases of lineaments mapping [34, 35, 45] , since they allow certain minerals and lithological discontinuities to be enhanced, which can be good indicators of the presence of lineaments.
Directional Filters
The application of filters (directional, laplacian, sobel, prewitt kernels) on particular bands or RGB combinations have been explored by various authors [1, 7, 22] . Directional filters (DF) improve the perception of lineaments by causing an optical effect on the image, as it is illuminated by grazing light [27] . In our study, the DF method was selected for the semi-automatic lineament extraction, because the directional nature of Sobel kernels generates an effective and faster way to evaluate lineaments in four principal directions [52] . 
Characteristics of Faults and Karstic Shapes
The Central Middle Atlas area experienced colder and wetter climatic conditions during the Quaternary than nowadays [29, 46] , with snowfall favoring the dissolution of carbonates. Karstic shapes developed in dolomites as well as in limestone formations [37, 53] and particularly in the dolomites of the substratum. Surface features include minor features, such as the lapiés, the collapsed dolines that outline inaccessible subsurface networks and the small karstic summit depressions. Large depressions are represented by dolines, poljes, and ouvalas. The latter correspond to different kinds of karst, which have different geometries and dimensions. To assess the origin of different shapes of karst, their linkage with the lineament network and their distribution in the Central Middle Atlas, we analyzed and interpreted their directions. The frequency of karstic shape alignments, represented by the directional rose diagram (Fig. 4b) , indicates that the shapes are predominantly aligned in the directions NE-SW and N-S. The elongations of karstic shapes are shown in Fig. 5 . The rose diagram of the elongations indicates that practically all shapes are elongated in the N-S direction. The result of the digitized faults in the Central Middle Atlas is shown in Fig. 6 . The main faults are aligned in the directions NE-SW, which corresponds to the direction of karstic shape alignments.
Remote Sensing Methods for ALE
The ALE was performed by the LINE module, using PCs, color compositions, band ratios, and directional filters as inputs. The process is handled by adjusting several values of the six parameters of the LINE module for each input. Accordingly, several extraction maps were generated using different threshold values. The best inputs and most appropriate threshold values that have produced reliable results were selected (Table. 3) by considering the ground truth, the spatial distribution and the orientation of the faults and karstic shapes.
Lineament Retrieval from PCA and Color Compositions
The combination of the first three PCs (PC1, PC2, PC3) in one color composition was used as an input of the LINE module. Accordingly, 2396 lineaments of 3358 km in total length, with an average of 1.40 km, were extracted. The rose diagram shows all the directions, with two moderate directions, N-S and NW-SE, and one dominant direction, NE-SW (Fig. 7) .
Spectral Band Color Compositions
Color compositions of OLI spectral bands were tested for lineament retrieval. A color composition is a combination of spectral bands based on the principle of assigning image bands to three display planes of three primary colors: red, green, and blue. In this study, we assigned the OLI spectral bands, 3, 4, and 5, to the blue, green, and red channels, respectively, giving a composition in standard false colors. This combination highlights the edges of the geological formations, vegetation, hydrographic network, and geological anomaly zones. Following the integration of this color composition in the LINE module, 4125 lineaments were extracted, with a total length of 5849 km, an average of 1.41 km and a maximum length of 8 km. The computed rose diagram clearly indicates all directions with three moderate directions, N-S, NW-SE, and E-W, and one dominant direction, NE-SW (Fig. 8) .
Band Ratios Analysis
After a review of the most important band ratios in the literature, the color compositions of some BRs were tested. Finally, the RGB color composition using the BRs, 6/7, 3/4, and 5/6, was chosen. The BR 6/7 is known by its discrimination of minerals rich in Al-OH, Fe-OH, and Mg-OH, which can be good indicators of the presence of water along fractures [14] . The BR 3/4 give a good discrimination of vegetation density, while the 5/6 ratio displays the disturbed areas in dark or black tones, such as shading of the abrupt changes of slope and illumination areas [23, 30, 54] . The number of lineaments obtained by this method is 4952, and their total length is 7101 km, with an average of 1.43 km and a maximum length of 7.10 km. The rose diagram has two dominant directions, NE-SW and NW-SE, as well as other directions, more pronounced compared to the previous methods (Fig. 9 ).
Directional Filters Analysis
The application of sobel DFs 5 × 5 to the band 5 (NIR) may enhance the image discontinuities, corresponding to the lineaments. The near-infrared band allows the structural details to be highlighted [21] . DFs are applied to this band in the following directions: N-S, NE-SW, E-W, and NW-SE (Table. 4 ). This semi-automatic lineament extraction method leads to the retrieval of 3016 lineaments, with a total length of 4567 km, an average of 1.51 km and a maximum length of 9.48 km. The rose diagram shows that the dominant direction is NE-SW, while the NW-SE direction is slightly represented, the N-S direction is moderately represented and all other directions are poorly represented (Fig. 10 ).
Combining PCA and Directional Filters
In this section, we have combined PCA and DFs in order to assess the benefit of their synergy. The ALE was conducted using the four directional filters, previously applied during the DF analysis and the PC1. The rose diagram shows a dominance of the NE-SW direction, followed by the NW-SE direction. By contrast, other directions are poorly represented (Fig. 11) .
Discussion
Several studies have used PCA in the detection of lineaments.
The comparison of five different enhancement techniques (average value of all bands, PCA, BR, histogram equalization, and high-pass filter) showed that the PCA is more efficient in the identification of lineaments [23] . Paganelli et al. [38] used the PC2 for mapping lineaments. Adiri et al. [3] showed the usefulness of the PC5 of an OLI image for mapping lineaments, thanks to its highlighting of the valleys with bright pixels. In the present study, the first three PCs, containing the maximum uncorrelated information, were used for ALE in order not to miss certain types of lineaments accompanied by a complex-specific land cover, especially hydrogeological lineaments related to karstic shapes or the recharge zones of aquifers. Using the various processes applied to the Landsat 8 image data, notably PCA, color compositions, band ratios, and directional filters, gave satisfactory results, and all methods were able to extract the major NE-SW direction while they differ slightly in the other directions obtained as well as in the spatial distribution. To exploit the contribution of all these methods, we merged all the lineaments obtained separately by these methods. This operation was done by automatically removing the redundant lineaments, with a tolerance of less than 30 m (one pixel). Accordingly, we obtained a map, called the synthesis map of lineaments (Fig. 12) . This map assembled 14,489 lineaments of variable sizes, varying from a few meters to a few kilometers in length with a total length, of 28,978 km. These obtained lineaments showed a directional rose diagram dominated by the NE-SW direction (Fig. 12) .
Compared to the lineament map obtained from the combination of PC1 and DF, the synthesis map showed a lower number and length of lineaments, but with a wider spatial distribution, considering that the lineament map resulting from the combination of PC1 and DF gathers 21,968 lineaments, with lengths varying from a few meters to tens of kilometers and a total length of 36,780 km. On the basis of the orientation of the faults and karsts, the analysis of the results indicated that the lineaments extracted from the color compositions and band ratios as well as the synthesis map are over-distributed across all zones, and their orientations do not correlate perfectly with the faults and karst elongation and alignment. These methods tend to map lineaments that are not necessarily hydrogeological and do not correlate well with the existing faults, as shown by the rose diagrams obtained. This can be explained by the sensitivity of the methods to the land cover and land use, such as lithological units, agricultural soils, steep slopes, and vegetation cover [3, 4, 25] . This issue may be alleviated by the use of SAR radar data, which are more sensitive to geomorphology than land cover, as in the case of optical images [3] . On the other hand, the use of PCs in color composition or combined with DF give results that are less distributed in space and thus more reliable lineaments. The comparison of the obtained lineaments with the ground truth, including the spatial distribution and orientation of faults, as well as the elongation and alignment of karstic shapes, has shown that the ALE, using the combination of PC1 and DF method, outperformed the other methods. In general, the ALE methods used showed that the lineaments in the Central Middle Atlas follow two dominant directions, NE-SW and NW-SE, with the presence of other directions, including N-S.
The density of the lineaments resulting from the combination of the PC1 and DF method correlates well with the major faults of the study area, showing high densities around the faults, following the predominant direction of the faults, NE-SW. This indicates a low to medium density, mainly in the middle atlasic Causse, and medium to high density, distributed in the pleated Middle Atlas and SW of the middle atlasic Causse (Fig. 13) .
Concerning the karstic shapes in the Central Middle Atlas, their alignments are oriented to the NE-SW and N-S directions, while their elongation showed only the N-S direction. Their analysis showed that their presence may not be linked to a specific density of lineaments, considering that some karst shapes are located in areas with low lineament densities, but overall they show a good correlation with the lineaments (Figs. 4, 5, and 13 ). In addition, their elongation does not correlate with the major tectonic system (NE-SW and NW- Fig. 11 a Map of the lineaments identified by PCA and DFs combined, b the corresponding rose diagram, and c the frequency distribution of lineaments of the Central Middle Atlas SE). Nevertheless, the alignment of karstic shapes showed a good correlation with the NE-SW system. Overall, the presence of karst shapes on the scale of the Central Middle Atlas seems to provide information as much on the alignments as on the elongation plane.
The NE-SW direction is clearly dominant in all lineament analyses and in the frequency of the main faults in the Central Middle Atlas (Fig. 5) . The N-S direction also appears in all lineament analyses but with a medium frequency. However, this direction clearly dominates the rose diagram of the elongations of the karstic shapes, which gives it a valuable role that should be linked to the Middle Atlas tectonic.
If the carbonate rocks of the Mesozoic cover, which can be karstifiable (limestone) or unkarstifiable (dolomite), had karstic surface shapes, whose characteristics (elongations and alignments) follow those of the major lineaments and major faults, the origin of the karst would be tectonic. This means that tectonics are still the initial driving forces that activate the karstic phenomena in relatively cold climates and the circulation of water through the crushed zones. The d om i n an c e o f th e t w o di r e c t i o ns s ug g es t s th at karstification has taken a place during a geological era when the N-S direction faults have played a part in the Middle Atlas tectonics, controlled by the replay of the major NE-SW faults [8, 9, 18, 51] . This era could not be other than the Quaternary, where the rapprochement of Europe and Africa could have activated these faults of the N-S direction and consequently, the karstic phenomena. These faults, qualified as distension during the major fault regames (NE-SW), constitute high hydrological potential zones, which should be confirmed by hydrogeological data, such as hydraulic conductivity. The karstic shapes in the depth are often less described in the karstic regions. However, the tectonic and structural analysis using However, the carbonates lithology should be taken into consideration. Thus, the combination of lithological mapping using satellite data and lineament mapping may be useful for characterizing the karst network. Their presence in the form of a corridor following the faults is certain. In addition, the subsurface karstic shapes, created by fracturing and/or faults, have a high potential for groundwater circulation in the karstic aquifer [9] . This structural analysis, extracting hydrogeologically significant lineaments and better understanding the tectonic evolution of the area could provide useful tools for hydro-geologists, reliable resources management and development planning.
Conclusions
Lineament mapping is an essential component in geological studies, particularly for understanding tectonics. Considering that the network of lineaments represents the preferred pathways for groundwater circulation, a quantitative study of the network of fractures, taking into account the direction, length and density of fracture and karstic networks, allows for better groundwater exploration and management using satellite data. The OLI sensor data have demonstrated their usefulness for fracture network mapping due to their high spatial and spectral resolution and high quantization. The geomorphology of the Central Middle Atlas is the result of several geological phenomena, such as tectonics during alpine orogenesis. Using satellite-based automatic lineament extraction and the synthesis of alignments and elongations of surface karstic shapes, the study of geological lineaments representing the surface reflections of discontinuities has shown that the main directions of lineaments conform to those of the Middle Atlas structure, NE-SW and NW-SE, in addition to the N-S direction. The presence of karstic shapes in karstifiable or unkarstifiable carbonate rocks, with the same characteristics as the lineaments and structure of the Middle Atlas, explains the important role played by the tectonics in karstification, mainly by crushing rocks. This could specify the geochronology of karstification, which is closely related to the appearance of distension faults (N-S). These sub meridian (N-S) faults appeared during the sinister replay of the main faults (NE-SW) of the Middle Atlas, following the rapprochement of the African-European continents during the Quaternary. In such a complex hydrogeological context, these karstic shapes, with faults and submeridian (N-S) fractures may constitute high hydrological potential zones.
